In this study, various shapes of silver nanoparticles (Ag NPs) were synthesized via simple methods in aqueous solution. The size and shape of Ag NPs were measured by TEM image and DLS, and the crystalline form of Ag NPs was confirmed by XRD. From ATR-IR and zeta potential, the Ag NPs were found to be well surrounded by PVP. In addition, the catalytic activity of Ag NPs was evaluated using model dyes. Unlike the conventional catalysts, the model dyes with absorption peaks that did not overlap with the SPR peaks of the Ag NPs were selected to evaluate the catalytic activity without removal of the Ag NPs from the dye solution.
Introduction
In recent years, metal nanoparticles (NPs) have received considerable attention because of their attractive properties and interesting applications [1] [2] [3] . They are widely used in various fields including sensors, catalysts, functional materials for devices, and imaging [4] [5] [6] [7] [8] [9] [10] [11] . Among them, silver nanoparticles (Ag NPs) are being studied extensively for their potential in catalysts, antibacterial agents, biological diagnostics, electronics, and surface-enhanced Raman scattering [12] [13] [14] [15] [16] . In particular, the catalytic properties of Ag NPs are of interest to many researchers because of their high reactivity.
Environmental pollution caused by organic pollutants has emerged as a serious problem. Among the many organic pollutants, it is important to address the problem of organic dye contamination caused by the development of industries such as paper, fiber, plastic, and paint [17] . The release of wastewater, which contains an excess of organic dyes, can interfere with sunlight penetration and with photosynthesis of the plant. In addition, some synthetic dyes can pose a serious threat to the human body [12, 18] . Thus, a variety of techniques has been used for the removal of contaminants such as adsorption, catalytic degradation, membrane filtrations, and chemical oxidation [19, 20] .
Much research has been focused on the catalytic decompositions of organic dyes using Ag NPs as a catalyst. However, it is impossible to interpret directly the catalytic reaction from a mixture of organic dyes and NPs because of a severe overlapping between the surface plasmon resonance (SPR) peak of Ag NPs and the absorption peak of dyes. Therefore, the catalytic activity has been investigated by either incorporating Ag NPs into a polymer matrix, such as nanofibers, or removing Ag NPs in the solution by centrifugation [12, [21] [22] [23] .
In this study, the shape-controlled Ag NPs were synthesized by simple methods in aqueous solution in order to vary the SPR peak position according to the shape of the Ag NPs. The synthesized Ag NPs were nanospheres, nanodisks, and nanotriangular plates, abbreviated as Ag NSs, Ag NDs, and Ag NTs, respectively. The morphology and crystalline structure of the Ag NPs were observed, and their catalytic activities for the model dyes were evaluated. In order to measure the catalytic activity in real time without the removal of Ag NPs from the dye solution, the catalytic activity was evaluated by selecting a model dye with an 
Preparation of Ag NPs with Different Shapes.
The Ag NPs were synthesized as three types, nanosphere, nanodisk, and nanotriangular plate, and each detailed synthesis was as follows. First, Ag NSs were synthesized by simply mixing a precursor, a reducing agent, and a stabilizer. 1.5 ml and 0.14 ml of PVP (0.7 mM) and NaBH 4 (100 mM), respectively, were added to the 25 ml of AgNO 3 solution (0.1 mM). The Intensity (a.u.) Journal of Nanomaterials solution turned yellow immediately after mixing. In the second method, Ag NTs were synthesized in almost the same way as for the Ag NSs. Na 3 CA (1.5 ml, 30 mM) and H 2 O 2 (90 μl) were added to a mixed solution of AgNO 3 , PVP, and NaBH 4 . The solution color of yellow gradually became blue through red, and violet on mild stirring. Finally, Ag NDs were synthesized via a two-step synthesis. In the first step, the NaBH 4 solution (100 mM) and 0.06 g of PVP were added to the AgNO 3 solution (0.1 mM). After PVP was completely dissolved, 240 μl of H 2 O 2 and 1.8 ml of Na 3 CA (100 mM) were added. The change in solution color was observed after sufficient stirring, when the solution gradually changed to blue from the surface to the bottom. When the mixed solution was heated in a water bath (95°C), Ag NDs were synthesized and the solution turned red. All samples were obtained by ultracentrifugation (13,000 rpm, 10 min) (Supra 30K, Hanil Science Co. Ltd., Daejeon, Korea), purged with argon gas, then lyophilized (FD8508, IlshinBio, Yangju, Korea).
2.3. Catalytic Activity. Methylene blue (MB) (Samchun Pure Chemical, Pyeongtaek, Korea) and safranin O (SO) (Sigma-Aldrich, MO, USA) dyes were used as model dyes for the catalytic experiments. The concentration of the dye used was 2 × 10 −5 M. After adding 0.01 g of the dried Ag NPs to 10 ml of each dye solution, the change in absorbance and color with time was examined. At this time, Ag NTs were used together with SO, and Ag NSs and Ag NDs were used together with MB, so that the SPR spectra of the Ag NPs and the absorption peaks of the dyes did not overlap each other.
Characterizations.
The SPR absorption spectra of Ag NPs were recorded using a UV-Vis spectrophotometer (US 8453, Agilent Technologies, CA, USA) with a variable wavelength between 200 and 1,100 nm and a 1 cm optical path at room temperature. For the transmission electron microscopy (TEM) (Tecnai G2 F30, FEI Company, OR, USA) images, the samples were prepared by dropping the solution containing Ag NPs onto the carbon-coated copper grid. The 5 Journal of Nanomaterials crystalline structure of synthesized Ag NPs was confirmed by X-ray diffractometer patterns (XRD, Bruker AXS, D8 DISCOVER), and XRD patterns were measured at room temperature with a scan range of 2θ = 10°-80°and a scan rate of 0.5 second/step. After lyophilization, the dried Ag NPs were loaded into an attenuated total reflection infrared (ATR-IR) spectra (ALPHA, Bruker, Bremen, Germany), and the spectra were taken at wavenumbers from 600 to 4,000 cm −1 with a resolution of 4 cm −1 . For comparison, the ATR-IR spectrum of a neat PVP sample was also recorded. The zeta potential and dynamic light scattering (DLS) data of the Ag NPs were measured using a Zetasizer ZS90 (Malvern, Worcestershire, UK).
Results and Discussion
3.1. Characterization of Ag NPs with Different Shapes. The synthesized Ag NPs with different shapes were analyzed by UV-Vis spectroscopy (Figure 1 ). The colors of Ag NP (Ag NSs, Ag NTs, and Ag NDs) solutions were yellow, blue, and red, respectively, and corresponding SPR peaks were observed at 410, 820, and 510 nm, respectively. Ag NTs and Ag NDs also showed shoulder peaks at 330 nm originating from an out-of-plane quadruple plasmon [24] . Figure 2 shows the TEM images of Ag NPs with different shapes. The Ag NSs, Ag NTs, and Ag NDs had uniform shapes with relatively narrow distribution. Furthermore, nanotriangular plates and nanodisks were confirmed by the vertically stacked images of Ag NTs and Ag NDs, respectively (Figures 2(e) and 2(h) ) [25] . The average particle size of Ag NSs was 20.4 nm, the mean length of one side of Ag NTs was 28.1 nm, and the average diameter of Ag NDs was 28.1 nm. In addition, the thicknesses of Ag NTs and Ag NDs were found to be 6.4 nm and 5.5 nm, respectively. In Table 1 , the zeta potentials of Ag NSs, Ag NTs, and Ag NDs stabilized with PVP were -13.8 mV, -28.6 mV, and -29.2 mV, respectively. When the size of Ag NPs dispersed in aqueous solution was measured via DLS, the average particle sizes of Ag NSs, Ag NTs, and Ag NDs were 38.5 nm, 51.1 nm, and 50.6 nm, respectively. The particle size of Ag NPs from DLS was higher than from TEM images. In the TEM images, the physical size of the Ag NPs was measured, because the electron energy could be Journal of Nanomaterials transmitted into the PVP chain domain surrounding the Ag NPs. On the other hand, the DLS measured the hydrodynamic volume of the Ag NPs, because the DLS data contained the PVP chain domain surrounding the Ag NPs, resulting in the overestimated particle size [21] . From the ATR-IR analysis of Ag NPs stabilized with PVP, a strong absorption peak caused by the C=O stretching vibration of PVP was observed at 1,658 cm -1 ( Figure 3 ) [26] . The Ag NPs with different shapes also showed this strong absorption, indicating that Ag NPs were stably surrounded by PVP. Figure 4 shows the XRD pattern of Ag NPs with different shapes. The crystalline peaks at about 38.0°, 44.2°, 64.5°, and 77.5°were assigned to the (111), (200), (220), and (311) planes, respectively, of a faced-centered cubic (fcc) Ag crystal, indicating that Ag NPs with different shapes were composed of crystalline Ag [27] .
3.2. Catalytic Activity of Ag NPs with Different Shapes. The catalytic activity of Ag NPs occurs when the electrons of released Ag ions are exchanged between a reducing agent (electron donor) and a dye (electron acceptor) ( Figure 5) . Therefore, two model dyes, MB and SO, were used to evaluate the catalytic activity of Ag NPs with different shapes. Model dyes with different absorption spectra were chosen to avoid overlapping with the SPR peaks of Ag NPs. The absorption maxima of MB and SO appeared at 664 nm and 510 nm, respectively. Therefore, Ag NSs and Ag NDs with SRP peaks at 410 nm and 510 nm, respectively, were used as catalyst for MB, whereas Ag NTs with an absorption peak at 820 nm were tested as a catalyst for SO. After the Ag NPs were added to each dye solution, the change in color and in UV-Vis spectra was observed with the reaction time. For Ag NSs shown in Figure 6 , the rapid catalytic reaction was observed rather quickly, and the maximum peak at 664 nm corresponding to MB absorption almost disappeared after 30 min. The solution color was initially green, which was a mixture of yellow Ag NSs and blue MB. With reaction time, the color of the MB disappeared and the color of the NPs, yellow, became apparent ( Figure 6(b) ). In Figure 7 , the absorption peak of MB showed an initially significant decrease in the catalytic reaction using Ag NDs.
On the other hand, the catalytic activity of Ag NTs toward SO was lower than that of MB, resulting in a slight decrease with time ( Figure 8 ). The change in color was also not dramatic compared to that of Ag NSs. As a result, Ag NPs with different shapes were found to have catalytic activity for the model dyes, although their activity depended on dye-Ag NP interaction. Furthermore, the change in dye absorption peaks could be measured in real time without severe overlapping with the SPR peaks of the NPs.
Conclusions
In this study, Ag NPs with nanospherical, nanotriangular plate, and nanodisk shapes were synthesized by a simple method. The size and morphology of the synthesized Ag NPs were confirmed by the TEM images and XRD patterns. In addition, the catalytic activity of Ag NPs for two model dyes was examined. We found that for the catalytic reaction, the synthesized Ag NPs with different shapes showed good catalytic activity, and the catalytic activity of the model dyes can also be evaluated without overlapping with the SPR peaks of the Ag NPs. Therefore, various types of Ag NPs can be a novel and easy catalyst that is applicable in real time without being removed by centrifugation in solution or incorporated into a matrix material.
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